Critically ill patients admitted to the ICU infected with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have an overall mortality rate of approximately 31% ([@R1]). A cytokine storm was suggested to underlie disease severity ([@R2]), and we have previously published that coronavirus disease 2019 (COVID19) is associated with a unique proinflammatory response in the critically ill ICU patients that is dominated by tumor necrosis factor, serine proteases (granzyme B and elastase 2), heat shock protein 70, interleukin 18, and interferon-gamma inducible protein 10 ([@R3]). Furthermore, the plasma proteome from critically ill COVID19 patients was dominated by interleukins, chemokines, and membrane receptors linked to lymphocyte-associated micro-particles and debris ([@R4]). In addition to persistent inflammation, a prothrombotic state has been suggested based on the changes in the plasma levels of [d]{.smallcaps}-dimers, fibrinogen-degradation products, and antithrombin ([@R5]), and an elevated [d]{.smallcaps}-dimer at hospital admission is associated with increased odds of in-hospital death ([@R6]). COVID19 patients have thrombotic complications and microthrombi in the pulmonary vasculature observed on autopsy ([@R7], [@R8]). The mechanisms underlying the thrombotic risk in COVID19 patients are unclear, but thrombosis develops in critically ill patients through the dysregulation of coagulation and/or endothelial injury ([@R9], [@R10]). Understanding the mechanisms of increased thrombotic risk in COVID19 is foundational to identifying potential treatments.

Activated protein C is a key anticoagulant, and it serves as a physiologically relevant modulator of the inflammatory response ([@R11]). Protein C levels are decreased in sepsis from different infectious causes, but therapy with exogenous activated protein C has generally not improved sepsis outcome ([@R12]). Alternatively, a disintegrin and metalloprotease with thrombospondin type 1 repeats-13 (ADAMTS13) is essential for cleaving von Willebrand factor (vWF), a large multimeric glycoprotein that mediates platelet adhesion to endothelium ([@R13], [@R14]). ADAMTS13 levels are also decreased in sepsis of various infectious etiologies and are suggested to increase platelet--vessel-wall interaction ([@R9]).

Microvascular endothelial cell injury also precipitates thrombosis ([@R9]), with or without coagulation abnormalities, particularly in the alveolar capillary where COVID19 pneumonia and lung injury are observed clinically ([@R7]). Finally, platelet adhesion to the microvasculature is largely inhibited by the glycocalyx, a gel-like substance that coats the luminal surface of endothelial cells ([@R15], [@R16]). Inflammation-induced degradation of the glycocalyx is thought to contribute to microvascular pathology and thrombosis formation in sepsis of various etiologies.

The overall aim of this hypothesis-generating study was to characterize the thrombotic profile of critically ill COVID19 patients over the first 7 days of ICU care to identify potential therapeutic targets. Our specific objectives were: 1) to determine the thrombotic factors and endothelial injury markers changing between coronavirus disease 2019 positive (COVID19+) ICU patients and healthy control subjects; 2) to determine the thrombotic factors and endothelial injury markers that differ between COVID19+ and coronavirus disease 2019 negative (COVID19--) ICU patients; 3) to determine the changes in relevant thrombotic factors and endothelial injury markers over time in COVID19+ ICU patients; and 4) to determine if the thrombotic profile in COVID19+ patients is associated with poor outcome.

MATERIALS AND METHODS
=====================

Study Participants and Clinical Data
------------------------------------

This study was approved by the Human Research Ethics Board, Western University ([@R3], [@R4]). We enrolled consecutive patients who were admitted to our level-3 academic ICUs at the London Health Sciences Centre (London, ON, Canada) and were suspected of having COVID19 based on the Centers for Disease Control and Prevention clinical screening criteria ([@R17]). We collected daily blood samples starting at admission and up to 3 days from COVID19-- patients or 7 days from COVID19+ patients. COVID19 status was confirmed as part of standard hospital testing by the detection of two SARS-CoV-2 viral genes by polymerase chain reaction ([@R18]). Patient baseline characteristics were recorded at admission and included age, sex, comorbidities, medications, hematologic laboratories, creatinine, Pa[o]{.smallcaps}~2~/F[io]{.smallcaps}~2~ ratio, and chest radiograph findings. We calculated Multiple Organ Dysfunction Score ([@R19]) and Sequential Organ Failure Assessment score ([@R20]) for both COVID19+ and COVID19-- patient groups to enable the objective comparison of their illness severity. We categorized both patient groups as having confirmed or suspected sepsis diagnosis using Sepsis 3.0 criteria ([@R20]). We also recorded clinical interventions received during the observation period including the use of antibiotics, antiviral agents, systemic corticosteroids, vasoactive medications, venous thromboembolism prophylaxis, antiplatelet or anticoagulation treatment, renal replacement therapy, high-flow oxygen therapy, and mechanical ventilation (invasive and noninvasive).

Once the first 10 COVID19+ patients were enrolled, 10 COVID19-- patients were matched by age and sex only without the knowledge of other baseline characteristics. Healthy control subjects were previously banked in the Translational Research Centre, London, ON, Canada (<https://translationalresearchcentre.com/>) ([@R21], [@R22]).

Blood Draws
-----------

Standard operating procedures were used to ensure all samples were treated rapidly and equally. Blood was obtained from critically ill ICU patients via indwelling catheters daily in the morning and placed immediately on ice. Once transferred to a negative pressure hood, blood was centrifuged and plasma was isolated, aliquoted at 250 μL, and frozen at --80°C. All samples remained frozen until use and freeze/thaw cycles were minimized.

Enzyme-Linked Immunosorbent Assay
---------------------------------

All plasma analytes were measured with immunoassays in duplicate as per the manufacturer's recommendation. Analytes measured include ADAMTS13 (Abcam, Cambridge, MA; number ab234559, diluted 1:200), protein C (Assaypro, Saint Charles, MO; number EP1311-7, diluted 1:8), vWF (Thermo Fisher, Waltham, MA; number EHVWF, diluted 1:8,000), soluble platelet selectin (sP-selectin; Abcam number ab100631, diluted 1:50 or 1:20), heparan sulfate (TSZ ELISA; Biotang Inc., Lexington, MA; number HU8718, diluted 1:5), chondroitin sulfate (TSZ ELISA number HU8720, diluted 1:2), hyaluronic acid (R&D Systems, Minneapolis, MN; number DHYALO, diluted 1:20), and syndecan-1 (Abcam number ab46506, diluted 1:2).

Isolation and Culture of Human Pulmonary Microvascular Endothelial Cells
------------------------------------------------------------------------

Human pulmonary microvascular endothelial cells (hPMVEC; a kind gift from Dr. S. Mehta) were isolated from resected human lung, as previously described ([@R23], [@R24]). Briefly, human peripheral lung tissue was finely minced and digested in 0.3% type II collagenase at 37°C. The digested suspension was filtered, centrifuged, and washed in phosphate buffered saline (PBS). Endothelial cells were then isolated using magnetic Dynabeads (Thermo Fisher; number 11155D) coated with antihuman CD31 antibody. Isolated cells were resuspended in endothelial growth media 2 (EGM-2) (Lonza, Morristown, NJ; CC-3162) with 10% fetal bovine serum and placed at 37°C in 5% [co]{.smallcaps}~2~ until 50% confluent, and then harvested and repurified using anti-CD31-coated magnetic microbeads as above. Pulmonary microvascular endothelial cell (PMVEC) were propagated in EGM-2 + 10% fetal bovine serum (FBS) and 20-mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) on fibronectin-coated flasks and passages 4--9 used.

Hyaluronidase Treatment of hPMVEC
---------------------------------

PMVEC (2.5 × 10^4^/well) were plated on the fibronectin-coated four-well plates in EGM-2 + 10% FBS and 20-mM HEPES. After 2 days, medium was changed to Hank's balanced salt solution (+100-mM HEPES, no bicarbonate) + 0.01% bovine serum albumin and hPMVEC were treated for 1 hour with hyaluronidase (0.5 mg/mL; Sigma, St. Louis, MO; number H3506). Following the treatment, hPMVEC were loaded with a nitric oxide-sensitive fluorochrome (2-µM 4-Amino-5-Methylamino-2\',7\'-Difluorofluorescein Diacetate \[DAF-FM DA\]; Thermo Fisher; number D23844) for 1 hour before lysing with 0.5% sodium dodecylsulfate in PBS. After centrifugation for 10 minutes at 1 × 10^4^ relative centrifugal force, the fluorescence of the triplicate aliquots of supernatant was measured using a Victor3 multilabel fluorescence microplate reader (Wallac; PerkinElmer, Waltham, MA) at 485/520 for DAF-FM. The nitric oxide donor 1,1-bis(2-aminoethyl)-2-hydroxy-3-oxotriazane (DETA NONOate) (20 µM; Cayman Chemical, Ann Arbor, MI; number 82120) was used as the positive control.

Population Statistics
---------------------

Medians (interquartile ranges \[IQRs\]) and frequency (%) were used to report continuous and categorical variables, respectively. Continuous variables were compared using either the Mann-Whitney *U* test or the Kruskal-Wallis test, as appropriate, and categorical variables were compared using Fisher exact and chi-square tests. *p* values of less than 0.05 were considered statistically significant. All population statistics were conducted using SPSS Version 26 (IBM Corp., Armonk, NY). For data comparison that was nonsignificant, G\*Power Version 3.1.9.4 (F. Faul, Universität Kiel, Germany) was used to determine the number of patients per cohort required to reach statistical significance potentially based on the measured values and 80% power ([@R25]).

Machine Learning
----------------

Nonlinear dimensionality reduction on the full datasets to only two dimensions were completed using the t-distributed stochastic neighbor embedding (t-SNE) algorithm ([@R26]). For classification, we pooled analyte data across days 1--3 for each of the COVID19+ and COVID19-- cohorts and normalized observations within analyte. A random forest classifier was trained on the variables to predict COVID status. In addition, another random forest classifier was trained on the pooled analyte data for COVID19+ patients for days 1--3 to predict patient mortality. A random forest is a set of decision trees that we can interrogate to identify the features with the highest predictive value. We limited the decision trees to a maximum depth of six levels and constrained the forest to 10 trees in order to avoid overfitting the small dataset. We trained and tested the classifier using a three-fold cross-validation approach.

RESULTS
=======

We investigated 10 patients with a positive diagnosis of COVID19 (median age, 61.0 yr; IQR, 54.8--67.0 yr), 10 age- and sex-matched patients with a negative diagnosis of COVID19 (median age, 58.0 yr; IQR, 52.5--63.0 yr), and 10 age- and sex-matched healthy control subjects (median age, 57.5 yr; IQR, 52.8--62.8 yr; *p* = 0.686). Baseline demographic characteristics, comorbidities, laboratory values, and chest radiograph findings are reported in **Table [1](#T1){ref-type="table"}**. COVID19+ patients relative to COVID19-- patients were more likely to have bilateral pneumonia (*p* = 0.001). Pathogens were confirmed in only two of the COVID19-- patients (*p* = 0.001). Although chest radiographs in three COVID19-- patients were normal at ICU admission, all patients had respiratory insufficiency with associated hypoxemia. Both anticoagulation and antiplatelet medications were balanced between the patient cohorts. All other reported baseline measures were nonsignificant between the patients.

###### 

Subject Demographics and Clinical Data

![](cc9-2-e0194-g001)

We measured three thrombosis factors and five endothelial cell injury markers in plasma using ELISAs. **Table [2](#T2){ref-type="table"}** shows that three markers (vWF, chondroitin sulfate, and syndecan-1) were significantly elevated in COVID19+ ICU patients relative to healthy control subjects. **Table [3](#T3){ref-type="table"}** lists the plasma measurements for eight markers between the COVID19+ and COVID19-- patients on ICU days 1--3. Significant elevations were observed only in endothelial injury biomarkers, including sP-selectin (ICU day 3), heparan sulfate (ICU day 2), hyaluronic acid (ICU day 3), and syndecan-1 (ICU days 1--3).

###### 

Comparison of Coronavirus Disease 2019 Positive Patients on ICU Day 1 to Healthy Age- and Sex-Matched Control Patients
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###### 

Comparison of Coronavirus Disease 2019 Negative and Coronavirus Disease 2019 Positive Patients on ICU Days 1--3
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We then reduced the data to two dimensions using t-SNE to visualize the differences between the healthy control subjects and the COVID19+ patients (ICU days 1--3; **Fig. [1](#F1){ref-type="fig"}*A***), as well as the COVID19-- and COVID19+ patients (ICU days 1--3; **Fig. [1](#F1){ref-type="fig"}*B***). In both cases, the COVID19+ patients were easily distinguishable from either healthy control subjects or COVID19-- patients. We then trained and tested a random forest classifier that yielded a classifier accuracy, or the ability of the markers to predict COVID19 status, of 85% (five-fold cross-validation). To determine which of the eight markers were most informative for COVID19 status classification, we undertook feature selection with the random forest classifier. For ICU days 1--3, the top features in rank order were identified for the binary outcome of COVID19+ versus COVID19-- as follows: syndecan-1 \> hyaluronic acid \> chondroitin sulfate \> ADAMTS13 \> heparan sulfate \> protein C \> sP-selectin \> vWF. However, for ICU day 3 only, the top features in rank order were hyaluronic acid \> sP-selectin \> syndecan-1 \>\> ADAMTS13 \> chondroitin sulfate = heparan sulfate \> vWF \> protein C.

![Thrombosis profiling with t-distributed stochastic neighbor embedding demonstrates that coronavirus disease 2019 positive (COVID19+) patients are distinct from either healthy control subjects or coronavirus disease 2019 negative (COVID19--) patients. **A**, Subjects plotted in two dimensions following dimensionality reduction by stochastic neighbor embedding. *Red dots* represent COVID19+ subjects (*n* = 10, days 1--3) and *green dots* healthy control subjects (*n* = 10). The dimensionality reduction shows that based on daily thrombotic factor and endothelial injury marker concentrations, the two cohorts are distinct and easily separable. The *axes* are dimensionless. **B**, ICU sepsis patients plotted in two dimensions following dimensionality reduction by stochastic neighbor embedding. *Red dots* represent COVID19+ subjects (*n* = 10, days 1--3) and *green dots* represent COVID19-- subjects (*n* = 10, days 1--3). The dimensionality reduction shows that based on the daily thrombotic factor and endothelial injury marker concentrations, the two cohorts are distinct and easily separable. The *axes* are dimensionless.](cc9-2-e0194-g004){#F1}

Given the significant elevation in plasma sP-selectin, hyaluronic acid, and syndecan-1 on ICU day 3, we continued daily plasma measurements until ICU day 7 (**Fig. [2](#F2){ref-type="fig"}**). For all three endothelial injury biomarkers, the plasma levels remained elevated, indicating ongoing glycocalyx degradation.

![Time course for three endothelial injury markers between the coronavirus disease 2019 positive (COVID19+) and coronavirus disease 2019 negative (COVID19--) ICU patients. Soluble platelet selectin (sP-selectin), hyaluronic acid, and syndecan-1 remained elevated until the final plasma measurements on ICU day 7. Daily values are represented as means (± [sem]{.smallcaps}; \**p* \< 0.05).](cc9-2-e0194-g005){#F2}

To determine a relationship between the thrombotic state and the outcome, we trained and tested a random forest classifier to determine the ability of the eight markers on ICU days 1--3 to predict mortality in COVID19+ patients. The thrombosis profile yielded a classifier accuracy, or the ability of the markers to predict mortality, of 86% (three-fold cross-validation).

Given the reliance of the classification accuracy on hyaluronic acid degradation and the reports of injury to the pulmonary endothelium with COVID19, we specifically removed hyaluronic acid from human hPMVEC with hyaluronidase treatment (**Supplemental Fig. 1**, <http://links.lww.com/CCX/A291>). Hyaluronidase treatment decreased basal intracellular nitric oxide production by 98% to 64 ± 87.5 relative fluorescence units, compared with untreated human PMVEC (*p* = 0.008, *n* = 5 separate experiments). To assure the reactivity/specificity of the cell membrane permeable nitric oxide-sensitive probe (DAF-FM-DA), naïve hPMVEC were treated with a nitric oxide donor (DETA NONOate; 20 μM) that appropriately increased the intracellular levels of nitric oxide by 16% compared with untreated cells (data not shown), thereby validating our in vitro nitric oxide experiments.

DISCUSSION
==========

In this study, we measured three thrombotic factors and five endothelial cell injury markers in plasma obtained from ICU patients, both COVID19+ and COVID19--, as well as age- and sex-matched healthy control subjects. Our data indicate increased vWF in COVID19+ patients relative to healthy control subjects but, more importantly, exaggerated and persistent injury to the endothelium in COVID19+ patients, as shown by elevated sP-selectin and glycocalyx degradation. As a complimentary experiment, we reproduced glycocalyx degradation in hPMVEC to demonstrate that the cleavage of hyaluronic acid significantly decreased basal nitric oxide. These latter data represent a physiologic mechanism for platelet adhesion to the injured human pulmonary endothelium, as depressed nitric oxide is a necessary component for platelet attraction to the microvascular wall ([@R16]).

Our COVID19+ ICU patients were similar to those reported in earlier cohorts from multiple countries with respect to age, comorbidities, and clinical presentation ([@R6], [@R27]--[@R29]). In contrast to COVID19-- ICU patients, our COVID19+ ICU patients had a higher occurrence rate of bilateral pneumonia ([@R3]). The COVID19+ patients in our study appeared to have lower illness severity scores than the COVID19-- patients, yet mortality was high at 40%. In contrast, all COVID19-- ICU patients survived. Although these differences were not statistically significant, the findings suggest that acute respiratory distress syndrome in COVID19+ patients has worse outcomes, perhaps due to the persistently high levels of plasma serine proteases ([@R3]).

Only vWF was elevated in plasma from COVID19+ patients relative to healthy control subjects ([@R30]), whereas none of the three thrombotic factors (ADAMTS13, protein C, and vWF) measured differed significantly between the COVID19+ and COVID19-- patients. Previous studies have demonstrated that ventilator strategies have no effect on vWF levels ([@R31]). Inflammation elevates vWF as an acute phase reactant, but elevated vWF levels also reflect endothelial activation and/or injury ([@R13]). Replenishment of ADAMTS13 via plasma administration has also been suggested as a potential treatment for thrombosis in COVID19 ([@R32]); however, plasma ADAMTS13 was not significantly different between the COVID19+ and COVID19-- patients and plasma administration in sepsis patients is generally not recommended ([@R33]). Given its combined anticoagulant and anti-inflammatory properties, exogenous recombinant human activated protein C (rhAPC) might be a therapeutic option for COVID19. However, since we observed no difference in the degree of protein C reduction between the COVID19+ and COVID19-- patients, and since rhAPC has demonstrated efficacy only in meningococcemia ([@R34]), but not in sepsis patients in general, rhAPC may be of limited benefit in COVID19 ([@R12]). Our power calculations ([@R25]) for both protein C and ADAMTS13 suggest much larger cohorts would be necessary to determine the differences between the cohorts, thereby questioning broad usage of these therapies.

Our data suggest that COVID19 results in endothelial injury and degradation of the endothelial glycocalyx. Specifically, sP-selectin, hyaluronic acid, and syndecan-1 were all significantly elevated by ICU day 3 in the plasma of COVID19+ patients and remained persistently elevated in plasma up to ICU day 7. The glycocalyx is a complex structure comprised of glycosaminoglycans (e.g., hyaluronic acid and chondroitin sulfate), proteoglycans (e.g., syndecan-1 and heparan sulfate), and various plasma proteins (e.g., albumin and antithrombin). Disturbance of the glycocalyx, often due to the increased expression and release of proteinases and glycosidases (e.g., hyaluronidases, sheddases, and matrix metalloproteinases), has profound consequences on vascular function ([@R35]). For example, loss of glycocalyx components decreases nitric oxide production and increases oxidant production, thereby facilitating ligand-receptor interactions and subsequent platelet recruitment to vascular endothelium ([@R36]). Loss of glycocalyx also facilitates the development of a prothrombotic phenotype due to the release of pathologic quantities of vWF ([@R30]), which promotes platelet aggregation and adhesion to the subendothelium and subsequent thrombi formation.

P-selectin is a cellular adhesion molecule stored in granules in both endothelial cells and platelets, which is quickly mobilized to the plasma membrane upon activation ([@R37]). During infection, P-selectin increases platelet aggregation and platelet--endothelial interactions. sP-selectin arises from an alternately spliced form in healthy individuals ([@R38]) and from the enzymatic shedding of mobilized surface P-selectin in inflammatory conditions ([@R39]). A procoagulant state results from mice engineered to express high levels of sP-selectin ([@R40]), although it appears dimerized sP-selectin (e.g., from microparticles or cell debris) is necessary to produce procoagulant effects ([@R41]). sP-selectin measurements from a plasma preparation will likely contain both dimerized and monomeric forms, somewhat confounding whether these measurements represent a causal agent or an effect of increased inflammation and coagulation ([@R42]). Although elevated plasma sP-selectin, together with increased plasma glycocalyx-degradation products, was highly suggestive of endothelial activation/injury, we cannot exclude platelet activation as an additional source of sP-selectin. Nevertheless, sP-selectin has been shown to be an important biomarker in several inflammatory/procoagulopathy diseases including systemic inflammatory response syndrome ([@R37], [@R43], [@R44]).

Hyaluronic acid is a long, unbranched, highly anionic disaccharide polymer able to interact with various cell-surface molecules, such as CD44 on endothelial cells. Hyaluronic acid is predominantly synthesized as a high-molecular-weight (HMW-hyaluronic acid; 1,000--6,000 kDa) polymer and under physiologic conditions, and HMW-hyaluronic acid offers anti-inflammatory, antiangiogenic, and immunosuppressive effects. In severe inflammation, the glycocalyx is shed and HMW-hyaluronic acid is released. This HMW-hyaluronic acid then binds fibrin and fibrinogen to increase clot formation ([@R45]).

Syndecan-1 is a proteoglycan containing both heparan- and chondroitin-sulfate chains that mediate cellular responses to signaling molecules as well as cell-cell and cell-matrix interactions ([@R46]). During inflammation, syndecan-1 functions to inhibit neutrophil adhesion and migration. Shedding of syndecan-1 from the cell surface is initiated by the heparanase-dependent removal of the heparan-sulfate side chains ([@R47]), thereby instigating subsequent cleavage of the core syndecan-1 protein by enzymes such as matrix metalloproteinases. Importantly, moderate syndecan-1 shedding is thought to aid in resolving inflammation; however, excessive shedding is likely pathogenic, as complete loss of syndecan-1 allows for increased leukocyte adhesion and recruitment across the endothelial monolayer, as well as enhanced platelet aggregation and adhesion.

Within the injured lung, platelet interaction with the pulmonary vasculature serves to augment inflammation and thrombi formation via the release of cytokines as well as procoagulation factors by the endothelial cells. Previous studies have demonstrated that pulmonary viral infections can drive platelet--endothelial interaction through the up-regulation of endothelial intracellular adhesion molecule 1, vWF, and fibronectin leading to ongoing lung injury ([@R48]). In addition, aggregation of activated platelets within the pulmonary microvasculature not only promotes lung inflammation and injury but also propagates viral pathogenesis ([@R49]). As such, platelet interaction with activated pulmonary endothelial cells, at least in part due to glycocalyx degradation and the subsequent decrease in nitric oxide production, promotes vascular occlusion, enhances inflammation, and drives viral pathogenesis. Inhibition of this interaction, through antiplatelet or thrombolytic therapies, could represent a potential therapeutic strategy (i.e., using reduced doses of recombinant tissue-type plasminogen activator over prolonged periods) for the treatment of severe viral infections, such as COVID19.

Our study has identified a unique prothrombotic state in the critically ill COVID19 patients that may be amenable to therapeutic targeting; however, our study has several limitations. First, we studied only critically ill patients and we cannot determine the thrombotic changes contributing to ICU admissions. Second, given the limited number of patients under study, we used two complimentary methods to analyze our data independently, and both methods arrived at similar conclusions. In addition, given the significant data, the paucity of information related to COVID19 illness, and the urgent need for novel therapeutics, our findings contribute critical understanding on the host response to SARS-CoV-2. These hypothesis-generating results are valuable for future studies on antithrombotic therapies, as well as clinical trials. Finally, we reported mortality as a clinical outcome in our COVID19+ patients; however, future studies with larger sample sizes can explore whether reported changes in thrombotic factors and endothelial injury markers correlate with additional clinical outcomes such as the duration of ICU and hospital stay or mortality.

Our study, taken in the context of the current literature, suggests that "not all coagulopathy is created equal." Although an extreme prothrombotic state secondary to the development of anticardiolipin antibodies ([@R50]) and/or activated plasminogen ([@R51]) may develop in some COVID19 patients, others may be prothrombotic based on alveolar-capillary membrane denudation and exposure of tissue factor ([@R52]). Anticoagulants are one treatment strategy; however, low-molecular-weight heparin did not confer an overall survival advantage in COVID19 patients ([@R53]). The beneficial effects of specific therapeutic strategies may be diluted by patient and disease heterogeneity, suggesting that a personalized treatment approach is required. Our study revealed significant glycocalyx degradation in COVID19 patients, which can be measured in the patient's plasma (hyaluronic acid and syndecan-1), suggesting that therapies to inhibit platelet adhesion (e.g., administration of nitric oxide via inhalation or by a donor \[[@R54]\]) and to protect/restore the glycocalyx may be therapeutically indicated. These latter interventions could include IV administration of sulodexide ([@R55]) and/or sphingosine-1-phosphate ([@R56]). Existing thrombus may also require a low-dose thrombolytic infusion ([@R57]).
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